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The lack of inversion symmetry in the crystal lattice of magnetic materials gives rise to complex
non-collinear spin orders through interactions of relativistic nature, resulting in interesting physical
phenomena, such as emergent electromagnetism. Studies of cubic chiral magnets revealed a universal
magnetic phase diagram, composed of helical spiral, conical spiral and skyrmion crystal phases. Here,
we report a remarkable deviation from this universal behavior. By combining neutron diffraction
with magnetization measurements we observe a new multi-domain state in Cu2OSeO3. Just below
the upper critical field at which the conical spiral state disappears, the spiral wave vector rotates
away from the magnetic field direction. This transition gives rise to large magnetic fluctuations. We
clarify the physical origin of the new state and discuss its multiferroic properties.
INTRODUCTION
Chiral magnets show a variety of periodically modu-
lated spin states – spirals1,2, triangular and square arrays
of skyrmion tubes3–8, and a cubic lattice of monopoles
and anti-monopoles9,10 – which can be viewed as mag-
netic crystals of different symmetries and dimensional-
ities. These competing magnetic superstructures show
high sensitivity to external perturbations, allowing for
the control of phase boundaries with applied electric
fields and stresses11,12. The non-trivial topology of
multiply-periodic magnetic states gives rise to emergent
electromagnetic fields and unconventional spin, charge,
and heat transport13–17. The stability and small size of
magnetic skyrmions as well as low spin currents required
to set them into motion paved the way to new prototype
memory devices18–22.
Recent studies of chiral cubic materials hosting
skyrmions, such as the itinerant magnets, MnSi and
FeGe, and the Mott insulator, Cu2OSeO3, showed that
they exhibit the same set of magnetic states with one
or more long-period spin modulations and undergo sim-
ilar transitions under an applied magnetic field23. This
universality is a result of non-centrosymmetric cubic lat-
tice symmetry and the hierarchy of energy scales2,24,25.
The transition temperature Tc is determined by the fer-
romagnetic (FM) exchange interaction J . The relatively
weak antisymmetric Dzyaloshinskii-Moriya (DM) inter-
action with the strength D proportional to the spin-orbit
coupling constant λ, renders the uniform FM state un-
stable towards a helical spiral modulation1,26. It de-
termines the magnitude of the modulation wave vector
Q and the value of the critical field HC2, above which
the spiral modulation is suppressed. In contrast to low-
symmetry systems27,28, the DM interaction in cubic chi-
ral magnets does not impose constraints on the direction
of the spiral wave vector2. The direction of the wave
vector is controlled by the applied magnetic field and
magnetic anisotropies of higher order in λ. In the heli-
cal spiral phase observed at low magnetic fields, magnetic
anisotropies pin the direction of Q either along one of the
cubic body diagonals, as in MnSi, or along the cubic axes,
as in FeGe or Cu2OSeO3. The competition between the
Zeeman and magnetic anisotropy energies sets the crit-
ical field HC1 of the transition between the helical and
conical spiral states, above which Q is parallel to the ap-
plied magnetic field. In the multiply-periodic skyrmion
crystal state, the spiral wave vectors are perpendicular
to the field direction, which is favored by the non-linear
interaction between the three helical spirals.
Here, we report a remarkable deviation from this
well established universal behavior. By Small Angle
Neutron Scattering (SANS) and magnetic measurements
we observe a new low-temperature magnetic phase of
Cu2OSeO3. At relatively high magnetic fields, Q tilts
away from the magnetic field vector, H, when this is di-
rected along the [001] crystallographic direction favored
by anisotropy at zero field. This transition occurs where
it is least expected – at H close to HC2 where the dom-
inant Zeeman interaction favors Q‖H and at low tem-
peratures where thermal spin fluctuations that can affect
the orientation of Q are suppressed. The re-orientation
of the spiral wave vector is accompanied by strong diffuse
scattering, reminiscent of the pressure-induced partially
ordered magnetic state in MnSi. The instability of the
conical spiral state at high applied magnetic fields can
be considered as a re-entrance into the helical state, al-
thoughQ in the “tilted conical spiral” state is not close to
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2FIG. 1. Magnetic field dependence of the Cu2OSeO3 SANS patterns at T = 2 K. The first column illustrates the
geometry of the experiment: H‖[110] in A, B and H‖[001] in C, D. The orientation of the neutron beam wavevector is:
ki ⊥H in A, C and ki‖H in B, D. The blue planes illustrate the SANS detection plane. The radius of the dashed circles on
the SANS patterns corresponds to the modulus of the helical spiral propagation vector Q = 2pi/` ∼ 0.1 nm−1, with ` ∼ 60 nm
being the pitch of the helix.
high-symmetry points. The new phase of Cu2OSeO3 is
sensitive to the direction of the applied magnetic field:
for H‖〈110〉 no tilted spiral state is observed. Instead,
we find that the helical-to-conical spiral transition splits
into two transitions occurring at slightly different mag-
netic fields.
We show theoretically that the tilted spiral state origi-
nates from the interplay of competing anisotropic spin in-
teractions, which is generic to chiral magnets and may be
important for understanding the structure of metastable
skyrmion crystal states7,8,29. This interplay is particu-
larly strong in Cu2OSeO3 due to the composite nature
of spin of the magnetic building blocks30. The transi-
tion to the new state in multiferroic Cu2OSeO3 should
have a strong effect on the magnetically-induced elec-
tric polarization. It should also affect the spin-Hall
magnetoresistance31 and modify the spin-wave spectrum.
RESULTS
First hints for the existence of the new phase came
from the anomalous field dependence of the magnetiza-
tion, M , and the ac magnetic susceptibilities, χ′ and χ′′,
shown in the Supplementary Sec. II A. A direct confirma-
tion was provided by SANS, which probes correlations
perpendicular to the incoming neutron beam wavevector
ki. For this reason, we performed our measurements in
two crystallographic orientations and for each orientation
in two complementary configurations, H⊥ki and H‖ki,
thus providing a full picture of the effect of the magnetic
field on the magnetic correlations.
A selection of patterns obtained at T = 2 K is shown
in Fig. 1A,B for H‖[110], and Fig. 1C,D for H‖[001].
At zero field the SANS patterns show four peaks along
the diagonal directions in Fig. 1A,D for ki‖[001], and two
peaks along the horizontal axis in Fig. 1B,C for ki‖[110].
These are the magnetic Bragg peaks of the helical spiral
state with wave vectors along the three equivalent 〈001〉
crystallographic directions.
At µ0H = 25 mT, the scattered intensity vanishes for
H‖ki (Fig. 1B,D) due to the re-orientation of the spi-
ral wave vector along the magnetic field at the transi-
tion to the conical spiral phase. On the other hand, for
H⊥ki and H‖[110], Fig. 1A shows the coexistence of
helical spiral and conical spiral peaks (additional weak
3FIG. 2. Temperature dependence of the tilt. (A) Temperature dependence of the SANS patterns and (B-D) the
corresponding data analysis. The dashed circles on the SANS patterns are a guide to the eye and have a radius of Q = 2pi/` ∼
0.1 nm−1. The angular dependence of the scattered intensity along the circle with radius Q is given in B for T = 10 K. The
solid lines indicate a fit with two Gaussian peaks labeled 1 and 2 in the SANS patterns. The temperature dependence of the
angular positions and integrated intensities of the two peaks is shown in C and D respectively.
peaks are attributed to multiple scattering). Thus the
helical-to-conical transition for H‖[110] is not a simple
one-step process. Re-orientation first occurs in the heli-
cal spiral domain with the wave vector perpendicular to
the field direction, Q‖[001]. It is followed by a gradual
re-orientation of the wave vectors of the other two helical
spiral domains. Upon a further increase of the magnetic
field, the conical spiral peaks weaken in intensity and dis-
appear at the transition to the field-polarized collinear
spin state, which for H‖〈110〉 occurs above 75 mT.
The unexpected behavior, signature of the new phase,
is seen in the evolution of SANS patterns for H‖[001] in
Fig. 1C and D. For H⊥ki (Fig. 1C), the Bragg peaks
broaden along the circles with radius Q and eventually
split into two well-defined peaks at 35 and 40 mT. This
is surprising because, in this configuration the two peaks
along the horizontal axis correspond to the spiral with
the wave vector parallel to both the magnetic field and
the cubic axis. Thus no re-orientation is expected for the
spiral domain favored by both the Zeeman interaction
and magnetic anisotropy. In addition to the splitting
of the Bragg peaks, in the complementary configuration
of H‖ki shown in Fig. 1D, a broad ring of scattering
develops well inside the circle with radius Q.
With increasing temperature the splitting of the Bragg
peaks becomes smaller and disappears at ∼ 50 K as
shown in Fig. 2A. At T = 10 K the scattered intensity
on the circle with radius Q, when plotted against the az-
imuthal angle φ, consists of two Gaussians peaks, labeled
1 and 2 (Fig. 2B). These are centered at two distinct an-
gles, which vary with temperature and their difference
reaches 30◦ at T = 2 K (Fig. 2C). The integrated inten-
sities depicted in Fig. 2D show that peak 2, which splits
away from the conical spiral peak 1, is by far the more
intense one. Its intensity goes through a maximum at
∼35 K and then decreases at low temperatures, possibly
because the optimum Bragg condition is not fulfilled any
longer as the peak moves away from the magnetic field
direction.
Our experimental findings are summarized in Fig. 3,
which shows contour plots of the real and imaginary
susceptibilities, χ′ and χ′′, as well as the phase bound-
aries obtained by SANS. Close to Tc, the transition from
the helical to the conical phase is marked by a single
µ0HC1(T ) line, which at low temperatures evolves into
two lines, µ0H
(1)
C1 (T ) and µ0H
(2)
C1 (T ), derived from the
two adjacent χ′′ peaks (see Fig. 6C,F and the discussion
in the Supplement). The most prominent difference be-
tween the two field orientations appears close to µ0HC2
below 30 K. In this field and temperature range, clear
maxima are seen in both χ′ and χ′′ for H‖[001]. These
define a new line µ0HCT (T ) (red dashed line in Fig. 3
D-F), which shifts slightly to lower magnetic fields with
decreasing temperature.
The boundaries determined from the SANS measure-
ments, shown in Fig. 3C,F, are in excellent agreement
with those derived from susceptibility. Furthermore, it is
remarkable that the shaded area in Fig. 3F, which marks
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FIG. 3. Phase diagrams from ac magnetic susceptibilities. Contour plots of χ′ and χ′′ at a frequency of 10 Hz and
phase boundaries obtained by SANS for H‖[110], in A-C, and H‖[001], in D-F. The units for χ′ and χ′′ are 10−4 and
10−6 m3/molCu, respectively. The helical, conical, A, tilted spiral (TS) and field polarized (FP) phases are indicated in C and
F. The phase boundaries determined from the susceptibility are illustrated by the symbols and the dashed lines in A, B, D,
E. They correspond to the peaks of χ′′, with the exception of µ0HC2, which is defined by the inflection point of χ′ vs µ0H.
These criteria are the same as in our previous study32. At low fields, two lines µ0H
(1)
C1 and µ0H
(2)
C1 are identified below 50 K.
Just below µ0HC2, a red dashed line denoted as µ0HCT in D-F, marks the onset of the “tilted spiral” state for H‖〈001〉. The
phase boundaries determined from SANS are illustrated by the green symbols in C and F. The shaded grey area just below
µ0HC2 in F marks the region where the ring of scattering emerges for H‖[001]‖ki.
the region, where the ring of scattering shown in Fig. 1D
emerges for H‖〈001〉‖ki, coincides with the maxima of
χ′ and χ′′.
DISCUSSION
This remarkable behavior can be understood in terms
of competing magnetic anisotropies that are generic to
cubic chiral magnets. This competition is particularly
tight in Cu2OSeO3, as explained below. Despite the long
history of studies of cubic chiral magnets2,24,25, the dis-
cussion of anisotropic magnetic interactions in these ma-
terials remains to our best knowledge incomplete.
The starting point of our approach is a continuum
model with the free energy per unit cell:
E = Ja
2
2
∑
i=x,y,z
∂im·∂im+Dam·∇×m−a3µ0Mm·H+Ea,
(1)
where m is the unit vector in the direction of the mag-
netization, M is the magnetization value, a is the lat-
tice constant, and Ea is the magnetic anisotropy energy.
There are five terms of fourth order in the spin-orbit cou-
pling, λ, allowed by the P213 symmetry:
Ea = C1a2 [∂xmx∂xmx + ∂ymy∂ymy + ∂zmz∂zmz]
+C2a
2 [∂zmx∂zmx + ∂xmy∂xmy + ∂ymz∂ymz
− (∂ymx∂ymx + ∂zmy∂zmy + ∂xmz∂xmz)]
+2C3a
2 [∂xmx∂ymy + ∂ymy∂zmz + ∂zmz∂xmx]
+ 12J a4
[
∂2xm · ∂2xm+ ∂2ym · ∂2ym+ ∂2zm · ∂2zm
]
+K
(
m4x +m
4
y +m
4
z
)
.
(2)
Their importance can be understood by substituting into
Eq.(1) the conical spiral Ansatz:
m = cos θe3 + sin θ [cos(Q · x)e1 + sin(Q · x)e2] , (3)
where θ is the conical angle and (e1, e2, e3) are three
mutually orthogonal unit vectors. If the magnetic
anisotropy and Zeeman energies are neglected, Qa = DJ
is independent of the orientation of Q. The applied mag-
netic field favors Q‖H with the conical angle given by
cos θ = HHC2 , where µ0MHC2 =
D2
Ja3 defines the critical
field, HC2.
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FIG. 4. Q-dependence of spiral energy for H‖[001] and H‖[110]. False color plots of the conical spiral energy on the unit
sphere of Qˆ = Q/Q describing the direction of the spiral wave vector for various values of the dimensionless magnetic field,
h = H/HC2. (A-F) Magnetic field applied along the [001] direction: (A) h = 0, (B) h = 0.2, (C) h = 0.3 (D) h = 0.6 and
(E) h = 1.0. (F) The energy sphere for h = 0.6, seen from above, showing four energy minima, which correspond to Q tilted
away from the magnetic field vector along the [±1,±1, 0] directions. (G-L) Magnetic field applied along the [110] direction:
(G) h = 0, (H) h = 0.2, (I) h = 0.4 (J) h = 0.6, (K) h = 1.0 and (L) h = 1.3.
The DM interaction originates from the antisymmet-
ric anisotropic exchange between Cu spins, which is the
first-order correction to the Heisenberg exchange in pow-
ers of λ: D ∼ Jζ, where ζ = λ∆ , ∆ being the typi-
cal electron excitation energy on Cu sites26,33. The first
three anisotropy terms in Eq.(2) result from the symmet-
ric anisotropic exchange between Cu ions and are propor-
tional to the second power of the spin-orbit coupling26,33:
Ci ∼ Jζ2. Since Qa = DJ = ζ, these anisotropy terms are
of order of Jζ4. The fourth term in Eq.(2) results from
the expansion of the Heisenberg exchange interaction in
powers of Qa and is also ∼ Jζ4. The last term in Eq.(2)
has the form of the fourth-order single-ion anisotropy al-
lowed by cubic symmetry. In absence of the single-ion
anisotropy for Cu ions with S = 12 , this term emerges
at the scale of the unit cell containing 16 Cu ions, which
form a network of tetrahedra with S = 130,34. This last
term appears either as a second-order correction to the
magnetic energy in powers of the symmetric anisotropic
exchange or as a fourth-order correction in the antisym-
metric exchange, both ∝ ζ4. Importantly, the intermedi-
ate states are excited states of Cu tetrahedra35 with en-
ergy ∼ J rather than the electronic excitations of Cu ions
with energy ∆. As a result, also the last term is ∼ Jζ4.
Therefore, the magnetic block structure of Cu2OSeO3
makes all anisotropy terms in Eq.(2) comparable, which
can frustrate the direction of Q.
Another important point is that the direction of Q,
favored by a magnetic anisotropy term, may vary with
the strength of the applied magnetic field, because it de-
pends on the conical angle, θ = θ(H). Supplementary
Fig. 11 shows the θ-dependence of the fourth-order ef-
fective anisotropy, Keff = KB(θ), which is negative for
small θ and for θ ∼ pi2 , stabilizing the helical spiral with
Q‖〈001〉, as it is the case for Cu2OSeO3 at zero field.
However, for intermediate values of θ, Keff is positive
and the preferred direction of Q becomes 〈111〉. In this
interval of θ, spins in the conical spiral with Q‖〈001〉 are
closer to the body diagonals than to cubic axes, which
makes this wave vector direction unfavorable (see Sup-
plementary Sec. II D for more details).
This effect gives rise to local minima of the conical spi-
ral energy in Q-space. If only the fourth-order anisotropy
is taken into account, the global energy minimum for
H‖〈001〉 is still at Q‖H. However, additional anisotropy
terms can turn these local minima into the global ones,
so that in some magnetic field interval the tilted coni-
cal spiral becomes the ground state. Fig. 4A-F shows
the false color plot of the conical spiral energy as a func-
tion of Q for several values of the dimensionless magnetic
field, h = H/HC2, applied along the [001] direction. For
simplicity, only two anisotropy terms are nonzero in this
calculation: κ = KJD2 = −0.19 and γ1 = C1J = −0.1. In
zero field (Fig. 4A), there are three energy minima along
〈001〉 i.e. along the [001], [010] and [001] directions, cor-
responding to three degenerate helical spiral domains in
Cu2OSeO3. For h = 0.2 (Fig. 4B), the helical spiral
states with Q along the [001] and [010] directions are
metastable. For h = 0.3 (Fig. 4C) only the minimum
with Q‖[001] exists, corresponding to the conical spiral
state. For h = 0.6 ((Fig. 4D) the conical spiral with
Q‖[001] is unstable and there appear four new minima,
corresponding to four domains with Q tilted away from
the magnetic field vector along the [±1,±1, 0] directions,
as can be seen more clearly in Fig. 4F showing the energy
sphere seen from above. The relative energy changes in
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FIG. 5. Field-induced re-orientation of the spiral wave
vectors for the fourth-order anisotropy κ = -0.2 and
the anisotropic exchange γ1 < 0. (A) Magnetic field de-
pendence of the angle φ describing the tilt of the spiral wave
vector Q away from H‖[001] towards the body diagonals for
different values of |γ1|. Above the critical value, |γ1| ≈ 0.1, φ
increases from 0, that corresponds to the conical spiral phase,
to a maximal value, φmax (empty circle), and then decreases
back to 0 as the magnetic field strength, h, increases. For
|γ1| & 0.28, Q‖〈111〉 even at zero field and smoothly ro-
tates towards [001] with increasing field. (B) Dependence
of φmax. For |γ1| . 0.1 (green area), φmax=0, which implies
that Q‖〈100〉. By increasing the strength of the anisotropic
exchange Q smoothly rotates towards 〈111〉 (purple area) and
for |γ1| & 0.28, Q‖〈111〉 (blue area).
this part are ∼ 10−2, implying large fluctuations of the
spiral wave vector, which can explain the diffuse scat-
tering shown in Fig. 1D. Finally, Fig. 4E shows the
field-polarized state at h = 1.
Fig. 4G-L shows the Q-dependence of the conical spi-
ral energy in several magnetic fields along the [110] di-
rection, calculated for the same values of parameters as
Fig. 4A-F. As the magnetic field increases, the helical
spiral states with Q along the [001] and [010] directions
merge into a single state with the wave vector parallel
to H and the state with Q‖[001] ultimately disappears
(see Fig. 4G,H,I). This gives rise to the two step tran-
sition from the helical to the conical phase observed ex-
perimentally. For this field direction the multi-domain
tilted spiral state does not appear and there is only one
global minimum with Q‖H‖[110] for H > HC1. Never-
theless, one can see the strong vertical elongation of the
energy contours in Fig. 4 H,I and J, which is a result of
the competition with the Q‖[11 ± 1] states. At h = 1
the elongation changes from vertical to horizontal (see
Fig. 4K,L).
These conclusions drawn using the variational ap-
proach are confirmed by exact energy minimization
of Eq.(1) including two competing anisotropy terms:
the fourth-order anisotropy with κ = −0.2 and the
anisotropic exchange γ1. The case of H||[110] is treated
in the Supplementary Sec. II E, which explains the two
lines, µ0H
(1)
C1 and µ0H
(2)
C1 , for the transition from the he-
lical to the conical spiral state, shown in Fig. 3A-C. For
H‖[001], the field dependence of the angle, φ, between
Q and the [001] cubic axis, which describes the tilt of
Q towards the 〈111〉 directions is shown in Fig. 5A. The
tilted spiral state appears when |γ1| exceeds a critical
value, which is slightly lower than 0.1 for κ = −0.2.
When the magnetic field increases, the tilt angle reaches
its maximal value, φmax, marked by the empty circles in
Fig. 5A and then decreases to 0. As shown in Fig. 5B,
φmax = 0 for |γ1| . 0.1. Thus, the state with Q‖〈100〉
is stable at low anisotropies. However, as the exchange
anisotropy increases an intermediate state occurs, and fi-
nally for |γ1| & 0.28, the state with Q‖〈111〉 is stabilized
even at zero magnetic field.
In our diffraction experiment we do not observe all four
tilted spiral domains, which is likely related to a small
misalignment of the sample: due to a weak dependence
of the spiral energy on Q, even a tiny deviation of H
from the [001] direction leads to the selection of one of the
four domains. This suggests that the domain structure of
the tilted state can also be controlled by an applied elec-
tric field using the multiferroic nature of Cu2OSeO336–38.
The electric polarization induced by the tilted spiral with
the spin rotation axis l = ( 1√
2
sinα, 1√
2
sinα, cosα) is
given by:
〈P 〉 = λ (3 cos
2 θ − 1)
4
√
2
(
sin 2α, sin 2α,
1√
2
(1− cos 2α)
)
.
(4)
For small anisotropies, α is close to the tilt angle of Q, φ
(more precise relation between α and φ and the deriva-
tion of Eq.(4) can be found in Supplementary Sec. II F).
Since φ does not exceed 30◦, the induced electric polar-
ization is almost normal to the applied magnetic field
H‖[001]. The conical spiral with α = 0 induces no elec-
tric polarization.
To summarize, we observe a new high-field multi-
domain magnetic state which intervenes between the con-
ical spiral and field-polarized phases and is stable in a
broad temperature range. Its modulation vector can have
four directions tilted away from the magnetic field vec-
tor applied along the high-symmetry [001] direction. We
show that this state is a result of the interplay between
different magnetic anisotropies, generic to cubic chiral
magnets. Competing anisotropies can have more gen-
eral implications, such as the orientation of skyrmion
tubes and the transition from the triangular to square
skyrmion lattice7,8. They can also play a role in the
emergence of the partial order in MnSi under pressure39.
The transition into the tilted conical spiral phase should
have many observable consequences, such as the spin-
Hall magnetoresistance31, modified spin-wave spectrum
and a magnetically-induced electric polarization.
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SUPPLEMENTARY MATERIALS
I. MATERIALS AND METHODS
Magnetization and magnetic susceptibility measure-
ments were performed on two single crystals of
Cu2OSeO3 with dimensions of ∼ 1 × 1 × 1 mm3 grown
at the Zernike Institute for Advanced Materials. One
crystal was oriented with a 〈001〉 axis vertical while the
other one was oriented with a 〈110〉 axis vertical. A third
single crystal with dimensions ∼ 3× 3× 4 mm3 grown at
the Max Planck Institute for Chemical Physics of Solids
was used for the neutron scattering measurements. This
sample was oriented with the [1¯10] crystallographic axis
vertical. All crystals were prepared by chemical vapor
transport method and their quality and structure was
checked by x-ray diffraction.
Magnetization and magnetic susceptibility were mea-
sured with a MPMS-5XL SQUID using the extraction
method. For the determination of the magnetization a
static magnetic field, µ0H, was applied along the vertical
direction. The real and imaginary parts of the magnetic
ac susceptibility, χ′ and χ′′, were measured by adding to
µ0H a vertical drive ac field, µ0Hac, with an amplitude
of 0.4 mT. The frequency of Hac was varied between 0.1
and 1000 Hz.
The SANS measurements were performed on the in-
struments PA20 of the Laboratoire Le´on Brillouin and
GP-SANS of Oak Ridge National Laboratory using neu-
tron wavelengths of 0.6 nm and 1 nm respectively. At
both instruments the magnetic field was applied either
parallel or perpendicular to the incoming neutron beam
wave vector ki using a horizontal magnetic field cryo-
magnet. The orientation of the crystal axes with respect
to ki and to the magnetic field was varied by rotating
the sample in the cryomagnet. The SANS patterns were
collected for H‖[110] and H‖[001] and, in each case, for
H⊥ki and H‖ki, by rotating both the sample and the
magnetic field through 90◦ with respect to ki. Measure-
ments at 70 K, where the magnetic scattering is negligi-
ble, were used for the background correction of the SANS
patterns.
All measurements have been performed after zero field
cooling the sample through the magnetic transition tem-
perature, Tc, down to the temperature of interest. The
magnetic field was then increased stepwise. The applied
magnetic field, µ0Hext , was corrected for the demagne-
tizing effect to obtain the internal magnetic field, µ0Hint
(in SI units):
Hint = Hext −NM , (5)
where N = 1/3 is the demagnetization factor for our
(nearly) cubic shape samplesThe demagnetizing field cor-
rection also modifies the values of the magnetic suscep-
tibility:
χint =
χext
1− µ0Nχext (6)
II. SUPPLEMENTARY TEXT
A. Temperature and Magnetic Field Dependence
of the Magnetization and Susceptibility
Fig. 6 shows the low temperature magnetic field
and temperature dependence of the magnetization M ,
its derivative, ∆M/∆(µ0H), and the real and imagi-
nary parts of the ac magnetic susceptibility, χ′ and χ′′.
Whereas for H‖[110] M increases almost linearly with
magnetic field until saturation, clear deviations from
this linear increase occur for H‖[001]. These are high-
lighted by the emergence of peaks in the derivative,
∆M/∆(µ0H), χ
′ and χ′′, which are most prominent
at low temperatures and indicate complex rearrange-
ments of spins discussed below. At low magnetic fields,
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FIG. 6. Magnetic properties of Cu2OSeO3. Magnetic field and temperature dependence of the magnetization M , its
derivative, ∆M/∆(µ0H), and the real and imaginary parts of the ac magnetic susceptibility, χ
′ and χ′′, at a frequency of 10 Hz
for H‖[110] (A-C) and H‖[001] (D-F). The ∆M/∆(µ0H), χ′ and χ′′ curves are shifted vertically with respect to the base
line by the values indicated.
where the transition between the helical and conical spi-
ral states is expected, ∆M/∆(µ0H) shows a maximum,
which is not seen in χ′. This discrepancy as well as the
corresponding strong χ′′ signal indicate strong frequency
dependence and energy dissipation. A closer inspection
of the frequency dependence presented below reveals that
this χ′′ signal is composed of two adjacent peaks, each
with its own frequency dependence. At higher magnetic
fields, just below the saturation of magnetization, addi-
tional peaks appear in ∆M/∆(µ0H), χ
′ and χ′′ but only
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M
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FIG. 7. Temperature dependence of the magnetiza-
tion. The zero field cooled (ZFC) and field cooled magne-
tization was measured by either cooling (FCC) or warming
(FCW) the sample, for H‖[001] (A) and H‖[110] (B). The
blue lines in both panels are fits of eq. 7 with the parameters
given in the Table I. The red vertical dashed lines indicate
Tc = 58.2 K
for H‖[001] and T < 30 K. These peaks are centered
at ∼45 mT and ∼40 mT at 30 K and 5 K, respectively,
and are associated with the new unexpected state in the
phase diagram of Cu2OSeO3 revealed by SANS.
Fig. 7 displays the temperature dependence of the mag-
netization for some specific magnetic fields with H‖[001]
in A and H‖[110] in B. Besides the ZFC data from the
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FIG. 8. χ′ and χ′′ as a function of magnetic field.
The results are given for various frequencies at T = 40 K in
panels (A) and (B), and T = 5 K in panels (C) and (D). The
magnetic field was applied along [001].
10
M vs µ0H curves the figure also includes magnetization
points obtained by cooling the sample under magnetic
field through Tc, thus following a “field cooled”, FC, pro-
tocol. These magnetization points have been measured
by either cooling (FCC) or warming the sample (FCW)
and do not show any noticeable dependence on the mag-
netic field history. The data follow a generic envelop,
which is accounted for by the modified power law40:
Msat(T ) = Msat(0) [1− (T/T oc )n]β , (7)
with Msat(0) the saturated magnetic moment at T =
0 K, n and β critical exponents, and T oc the associated
critical temperature. The fit leads to the continuous lines
in Fig. 7. The fitting parameters are tabulated in Table I
and are almost identical for the two sample orientations
and in agreement with a previous study40. Close to TC ,
Eq. 7 reduces to the simple power law with n = 1), that
is predicted theoretically30 and mimics a 3D-Heisenberg
behavior. Deviations from these generic curves occur at
the µ0HC2(T ) line.
B. Frequency dependence of the ac susceptibility
The frequency dependence of the ac susceptibility is
most visible forH‖[001] and in the following we will focus
on the results obtained in this orientation. Fig. 8 displays
χ′ and χ′′ measured at the indicated frequencies at 40
and 5 K. For both temperatures, χ′ varies weakly with
frequency and the frequency dependence is mainly visible
for χ′′. At 40 K, χ′′ shows two peaks which are located
at 7 and 12 mT, thus close to the µ0HC1(T) line. The
amplitude of the peak at 7 mT decreases with increasing
frequency, while the one at 12 mT slightly increases. At
a frequency of 284 Hz only the peak at 12 mT is visible.
At 5 K these two χ′′ peaks seem to merge and vary very
weakly with frequency. At this temperature a noticeable
frequency dependence is found only for the broad peak
of χ′′ at ∼ 40 mT, that corresponds to the tilted spiral
state.
For a quantitative analysis of the frequency depen-
dence of χ′ and χ′′ we considered the Cole-Cole formal-
ism modified to include a distribution of characteristic
relaxation times discussed in our previous report32:
χ(ω) = χ(∞) + χ(0)− χ(∞)
1 + (iωτ0)1−α
, (8)
with ω = 2pif the angular frequency, χ(0) and χ(∞) the
adiabatic and isothermal susceptibilities respectively and
τ0 = 1/(2pif0) the characteristic relaxation time with f0
the characteristic frequency. The parameter α measures
the distribution of characteristic relaxation times with
α = 0 for a single relaxation time, and α > 0 for a
distribution of relaxation times, which becomes broader
as α approaches 1. Eq. 8 leads to the in-phase and out-of-
phase components of the susceptibility discussed in our
previous report32.
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FIG. 9. Frequency dependence of χ′ and χ′′ at T = 5 K.
The data have been collected at 25 mT (A, B) and 40 mT
(D, E) and for H‖[001]. The respective Cole-Cole plots of
χ′′ versus χ′ are given in C, F where the solid lines represent
fits to the Cole-Cole formalism.
Fig. 9 depicts the frequency dependence of ZFC χ′ and
χ′′ at 5 K and for µ0H = 25 and 40 mT. For both mag-
netic fields, χ′ varies only slightly with frequency and
decreases by no more than ∼ 3% over almost four orders
of magnitude in frequency. The most significant varia-
tion is found for χ′′, for which broad maxima develop
around 10 Hz and 100 Hz for 25 and 40 mT respectively.
The solid lines in Fig. 9 illustrate a fit of the data to
the Cole-Cole formalism. It leads to high values of α,
∼0.85 and ∼0.65 for B = 25 and 40 mT respectively,
which reflect the existence of broad distributions of re-
laxation times. Furthermore, deviations from the simple
Cole-Cole behavior occur at low frequencies indicating
the presence of additional relaxation processes. This is
consistent with the behavior close to Tc
32.
C. Phase boundaries determined from SANS
Fig. 10 shows the magnetic field dependence of the to-
tal scattered intensity, integrated over the detector (thus
over all peaks), at T = 6 K. The figure shows data ob-
tained for H⊥ki and collected by stepwise increasing the
magnetic field. Data were also collected by stepwise de-
creasing the magnetic field. Both data sets are very close
to each other and thus no substantial hysteresis has been
found,
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TABLE I. Temperature variation of Msat. Parameters derived from the fit of Eq. 7 to the temperature dependence of
Msat below TC = 58.2 K.
Msat(0) T
o
c − Tc β n
H ‖ [001] 0.54 (1) 1.5 (1) 0.368 (5) 1.99 (2)
H ‖ [110] 0.53 (1) 1.8 (3) 0.391 (2) 2.01 (1)
Ref[ 40] 0.559 (7) 1.8 (1) 0.393 (4) 1.95
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FIG. 10. Magnetic field dependence of the SANS in-
tensity at 6 K. The data have been obtained by integrating
over the entire detector forH‖[001] (A) andH‖[110] (B) and
for H⊥ki (red squares) and H‖ki (black circles). The solid
and open red squares correspond to data recorded by stepwise
increasing and decreasing the magnetic field respectively.
In the configuration H‖[001] and H‖ki the intensity
decreases sharply with increasing magnetic field and al-
most vanishes around 20 mT, which defines the µ0H
(1)
C1
transition point on the phase diagram of Fig. 3F. The
increase of intensity at higher magnetic fields originates
from the diffuse scattering of the tilted spiral phase,
which is most pronounced around 40 mT. In the comple-
mentary configuration of H⊥ki the total scattered in-
tensity starts to decrease above 30 mT, i.e. in the titled
spiral phase, and disappears around 50 mT, which corre-
sponds to the µ0HC2 transition point on the phase dia-
gram of Fig. 3. In the configuration H‖[110] and H‖ki a
similar analysis leads to the determination of the µ0H
(1)
C1
transition line. However, the µ0HC2 point could not be
determined as it lies at magnetic fields that exceed the
window of these measurements.
FIG. 11. Effective anisotropy. Effective dimensionless
anisotropy for the spin rotation axis, κeff = κB(θ), vs the
conical angle, θ, for κ = KJ
D2
= −0.14 (blue line) and all other
magnetic anisotropies equal zero. Red line shows κeff when
an additional anisotropy γ1 =
C1
J
= −0.08 is added.
D. Effect of magnetic anisotropy on the direction
of the spiral wave vector
For the conical spiral Ansatz Eq.(3), the anisotropy
energy Eq.(2) equals
Ea = K
[
A(θ) +B(θ)(l4x + l
4
y + l
4
z)
]
+
sin2(θ)a2
2
[
C1Q
2 − C1
(
Q2xl
2
x +Q
2
yl
2
y +Q
2
zl
2
z
)
− C2
(
Q2zl
2
x +Q
2
xl
2
y +Q
2
yl
2
z
)
+ C2
(
Q2yl
2
x +Q
2
zl
2
y +Q
2
xl
2
z
)
− 2C3 (QxQylxly +QyQzlylz +QzQxlzlx)
]
+
sin2 θJ a4
2
(
Q4x +Q
4
y +Q
4
z
)
(9)
with  A(θ) =
3
8 (1 + 6 cos
2 θ − 7 cos4 θ),
B(θ) = 18 (3− 30 cos2 θ + 35 cos4 θ),
(10)
where θ is the conical spiral angle.
The blue line in Fig. 11 shows the effective dimension-
less anisotropy, κeff(θ) =
KJB(θ)
D2 , as a function of the
conical angle for κ = KJD2 = −0.14. There is an interval
of θ, in which κeff(θ) > 0, which favors l and Q along a
body diagonal rather than along the cubic axes.
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FIG. 12. Spiral re-orientation for H‖[001]. (A) Three
spiral domains in low magnetic fields. (B) φ-dependence of
the spiral energy density for Q varying in the (010) plane
in zero field and at h = 0.2. The global energy minimum
is reached at Q3‖[001] (φ is given in radians). (C) Tilted-
spiral state that appears above a critical value of the magnetic
field, in which Q rotates away from the magnetic field vector
towards the 〈111〉 directions. (D) Energy density plotted as
a function of the tilt angle in the (110) plane for h = 0.4 and
h = 0.5.
When other magnetic anisotropies are added, κeff(θ)
is defined as the coefficient in front of Qˆ4x + Qˆ
4
y + Qˆ
4
z,
where Qˆ = Q/Q. To leading order in the spin-orbit
coupling constant, λ, κeff(θ) = κB(θ) − γ2 sin2 θ, where
γ = γ1 − γ3 + γ4 with γi = Ci/J (i = 1, 2, 3) and
γ4 =
JQ2a2
J . The red line in Fig. 11 shows κeff(θ), for
κ = −0.14 and γ = γ1 = −0.08. Negative γ widens the
interval of positive κeff(θ) and increases the magnitude of
κeff(θ) > 0 and stabilizes the tilted spiral state in some
interval of magnetic field close to HC2.
E. Numerical studies of spiral re-orientation
processes in presence of competing anisotropies
In this section we present more results on the spiral
re-orientation processes obtained by exact energy min-
imization. We consider the dimensionless fourth-order
and exchange anisotropies, κ = γ1 = −0.20, and the
magnetic field H applied along the [001] and [110] direc-
tions. Figs. 12 and 13a, c schematically show a layout of
Q-vectors in stable and metastable spiral states with re-
spect to the field and crystallographic directions, whereas
Figs. 12 and 13b,d demonstrate the energy densities of
skewed spiral states depending on the Q-vector direction
as calculated in particular crystallographic planes. We
consider the stable orientations of Q vectors in the (010)
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FIG. 13. Spiral re-orientation for H‖[110]. (A) The three
helical spiral states in low magnetic fields. Under an ap-
plied magnetic field, the spiral states with Q1 and Q2 (along
the [100] and [010] directions in zero field, respectively) un-
dergo a first-order phase transition into the conical phase with
Q4‖H (C), whereas the metastable spiral with the wave vec-
tor Q3||[001] persists up to a higher magnetic field. (B) De-
pendence of energy density on the angle β, given in radians,
in between the spiral wave vector and the field direction be-
low and above the first-order phase transition for Q varying
in the (001) plane. β-dependence of the energy density for Q
varying in the (110) plane in zero field and at h = 0.2.
and (110) planes, Fig. 12, and in the (001) and (110)
planes, Fig. 13.
H‖[001]: Fig. 12 shows the three helical spiral do-
mains with the wave vectors Q1,Q2 and Q3 along the
cubic axes corresponding to the global minima of the
energy functional Eq. 1 in zero field. In the applied mag-
netic field, the spirals with Q1‖[100] and Q2‖[010], rep-
resented in Fig. 12A by red springs, become metastable.
The stable conical spiral with Q3‖[001] is represented by
blue cones. Fig. 12B shows the dependence of spiral
energy on the angle, φ, between Q and the [001] axis,
for Q varying in the (010) plane. The wave vectors of
the metastable spirals remain parallel to [100] and [010]
these states become unstable at h = 0.32. Above a crit-
ical field value, the conical spiral with Q = Q3 begins
to tilt towards one of the four body diagonals, the [111]
directions, as shown in Fig. 12C. Fig. 12D shows the
dependence of spiral energy on the tilt angle for Q vary-
ing in the (11¯0) plane, for h = 0.4 and h = 0.5. As h
increases, φ grows, reaches its maximal value and then
decreases back to zero, corresponding to a return into the
conical spiral state. The maximal tilt angle, φmax, which
depends on the ratio of the competing fourth-order and
exchange anisotropies, is plotted in Fig. 5 of the main
text.
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FIG. 14. Field-induced re-orientation of the spiral
wave vectors for H‖[001] and for the fourth-order
anisotropy κ = -0.2 and the anisotropic exchange
γ1 < 0. (A) Field-dependence of the angle β between the
spirals in the [001] plane and H‖[110]. The smooth rotation
of the spirals along Q1 and Q2, which at zero field are parallel
to [100] and [010] respectively, is followed by a discontinuous
transition into the conical spiral state with Q4||H‖[110] (a
more detailed representation is given in Fig. 13). (B) Smooth
rotation of the spiral vector from 〈111〉 towards H‖[110]
as a function of the magnetic field for a stronger exchange
anisotropy, γ1 = −0.3.
H‖[110]: The zero-field degeneracy of the helical spiral
state is lifted in a different way when H‖[110]. Fig. 13A
shows the three spiral domains with the wave vectors
Q1,Q2 and Q3 in low magnetic fields. The magnetic
field favors the wave vectors Q1 and Q2 in the (001)-
plane. Fig. 13B shows the energy density at h = 0.16 and
h = 0.18 as a function of β, the angle between Q1 and the
field direction. The first-order phase transition between
the helical spiral states with the wave vectors Q1 and Q2
and the conical spiral state with the wave vector Q4‖H
(Fig. 13C) occurs at h = 0.176. The smooth field evo-
lution of β and the subsequent jump into the state with
β = 0, corresponding to the first-order phase transition,
are shown in Fig. 14A of the main text. Under an applied
magnetic field, the helical spiral state with Q3||[001] is
metastable and its wave vector is field-independent. It
becomes unstable at h = 0.34 (Fig. 13D). The disap-
pearance of the helical spiral states first with Q = Q1,2
and then with Q = Q3 explains the two distinct transi-
tion lines in the experimental phase diagrams (Fig. 3A-C)
marked by H
(1)
C1 and H
(2)
C1 .
F. Electric polarization
The electric polarization, P , induced by a magnetic
ordering in Cu2OSeO3 is given by:
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P = (Pa, Pb, Pc) = λ(mbmc,mcma,mamb), (11)
where λ is the magneto-electric coupling and a, b and c
label the three cubic axes. Using Eq.(3) and averaging
over the period of the spiral, we obtain
〈mimj〉 = 1
2
[
sin2 θδi,j + (3 cos
2 θ − 1)lilj
]
, (12)
where l = e3 is the spin rotation axis, θ is the conical
angle and i, j = a, b, c. From Eqs. (11) and (12) one
finds that the conical spiral state with l = cˆ = [001] does
not induce an electric polarization. Next we consider
the tilted spiral state with Q = ( 1√
2
sinφ, 1√
2
sinφ, cosφ),
where φ is the tilt angle (here we chose one of the four
domains, in which Q tilts towards the [111] axis). In the
model with the fourth-order and exchange anisotropies
the spin rotation axis is:
l = (
1√
2
sinα,
1√
2
sinα, cosα), (13)
where α is related to φ by:
tanφ = tanα
(1 + γ1 sin
2 α)(
1 + γ1(1− 12 sin2 α)
) . (14)
The average electric polarization induced by the tilted
spiral is then given by Eq.(4).
